The roots of rice seedlings, growing in artificial pond water, exhibit robust gravitropic curvature when placed perpendicular to the vector of gravity. To determine whether the statolith theory (in which intracellular sedimenting particles are responsible for gravity sensing) or the gravitational pressure theory (in which the entire protoplast acts as the gravity sensor) best accounts for gravity sensing in rice roots, we changed the physical properties of the external medium with impermeant solutes and examined the effect on gravitropism. As the density of the external medium is increased, the rate of gravitropic curvature decreases. The decrease in the rate of gravicurvature cannot be attributed to an inhibition of growth, since rice roots grown in 100 Osm/m 3 (0.248 MPa) solutions of different densities all support the same root growth rate but inhibit gravicurvature increasingly with increasing density. By contrast, the sedimentation rate of amyloplasts in the columella cells is unaffected by the external density. These results are consistent with the gravitational pressure theory of gravity sensing, but cannot be explained by the statolith theory.
It can scarcely have escaped the notice of the most inattentive observer of vegetation, that in whatever position a seed is placed to germinate, its radicle invariably makes an effort to descend towards the centre of the earth, whilst the elongated germen takes a precisely opposite direction.
Thomas Andrew Knight (1806) Gravity is the simplest and among the most important environmental stimuli perceived by organisms. It is unique among the many environmental signals in that it acts incessantly and has a constant orientation and intensity. For plants, the most obvious benefit of sensing gravity is the ability to orient their growth with respect to its vector. Once the vector of gravity is determined by the plant, individual organs grow with a characteristic direction relative to it, creating a distinctive morphology: the shoots that harvest the sun's energy grow up, and the roots that mine the soil grow down (Denis, 1672; Knight, 1806) .
How then is this important gravity signal perceived by plants? Wilhelm Hofmeister (1867) suggested that plant cells perceive gravity by sensing their relative buoyancy in the surrounding medium or air. Pfeffer (1881) made a similar proposal, suggesting that plant cells perceive gravity by sensing a differential pressure, induced by the cytoplasm, at the top and bottom of the cell. Czapek (1898 Czapek ( , 1901 concurred with this view.
At roughly this same time, Dehnecke (1880) reported the existence of sedimenting starch grains, and Berthold (1886) suggested that gravity perception in plants is de- pendent on the passive sinking of heavy components of the cytoplasm. Noll (1892) apparently unaware of Dehnecke's report, predicted the existence of sedimenting statoliths, which would be involved with gravity sensing, based on analogy with gravity sensing in crustaceans.
When Nemec (1900) reported the existence of sedimenting starch grains in the columella cells of root caps, the presumed site of gravity perception in roots, and Haberlandt (1900) reported sedimenting starch grains in gravity-sensitive organs in shoots, the starch-statolith theory for gravity sensing was born. This theory, which remains the preferred explanation for plant gravity sensing today, suggests that intracellular sedimenting particles (statoliths), typically starch-filled amyloplasts, act as gravity sensors (Darwin, 1903 (Darwin, , 1904 Audus, 1962 Audus, , 1979 Juniper, 1976; Thimann, 1977; Sack, 1991; Sievers et al., 1991; Taiz and Zeiger, 1991; Salisbury and Ross, 1992; Barlow, 1995; Hopkins, 1995) .
Since the ascendancy of the starch-statolith theory, some experimental results have been reported that raise doubts as to the universality of statoliths as gravity sensors. Ewart (1903) reported that the large statolith-free cells of characean algae exhibit a gravity-induced polarity of cytoplasmic streaming. Gravity-induced polarities of cytoplasmic streaming also occur in higher plant cells lacking statoliths (Ewart, 1903; Bottelier, 1934) . Moreover, gravitropism in Sphagnum (Bismarck, 1959) , Physcomitrella (Jenkins, Courtice, and Cove, 1986) , and Phycomyces (Pilet, 1956; Dennison, 1961 Dennison, , 1964 Dennison and Shropshire, 1984; Varjú, Edgar, and Delbrück, 1961) takes place in the absence of statoliths; and excised tissues of higher plants exhibit gravity-dependent differentiation and growth without the presence of statoliths (Gersani and Sachs, 1990) . In addition, starch-deficient mutants of Arabidopsis sense and respond to gravity in the absence of starch and without discernible amyloplast sedimentation (Caspar and Pickard, 1989; Kiss, Hertel, and Sack, 1989) . STAVES ET AL.-GRAVITY SENSING IN ROOTS To obviate the difficulties in directly studying the cells involved in sensing gravity when working with multicellular organs, we chose to study plant gravity perception in the single internodal cells of Chara. We used the gravity-induced polarity of cytoplasmic streaming, first reported by Ewart (1903) , as a rapid, noninvasive assay to test the ability of cells to sense gravity. From this work we developed an alternate theory for gravity sensing in which the entire protoplast serves as the gravity sensor (Wayne, Staves, and Leopold, 1990; Wayne and Staves, 1996) . In the gravitational pressure theory for gravity sensing we suggest that gravity causes the protoplast to settle within the extracellular matrix, resulting in a differential tension and compression between the plasma membrane and the extracellular matrix at the top and bottom of the cell, respectively. These differential pressures activate the gravireceptors, at the top and bottom of the cell, which we suggest are integrin-like proteins that span the plasma membrane-ECM junction (Wayne, Staves, and Leopold, 1992) . Since sensing, according to the gravitational pressure theory, depends on the difference between the density of the protoplast and that of the surrounding medium, the gravitational pressure theory is philosophically allied with the early theories for gravity sensing put forward by Hofmeister (1867) and Czapek (1898 Czapek ( , 1901 as well as that proposed by Pickard and Thimann (1966) .
We have shown that changing the density of the external medium with impermeant molecules affects the gravity-induced polarity of cytoplasmic streaming in Chara internodal cells (Staves, Wayne, and Leopold, 1997) . This can be understood in terms of the gravitational pressure theory but not the statolith theory, since, according to the tenets of hydrostatics, changing the density of the external medium with impermeant molecules while keeping the osmolarity constant should have no effect on the sedimentation of intracellular particles. Can the gravitational pressure theory account for gravity sensing in the statolith-containing cells of higher plants?
Here we report on the results of experiments, designed to distinguish between the gravitational pressure and statolith theories, using amyloplast-containing roots of higher plants. We chose rice seedlings for these experiments because rice roots grow naturally in water and are thus not stressed when submerged during experiments. Taking advantage of the natural attributes of rice allowed us to bathe the roots continuously in aqueous solutions containing different solutes. In this paper, we show that rice roots have a reduced rate of gravicurvature when the density of the external medium is increased. By contrast, the sedimentation rate of the amyloplasts of columella cells is unaffected. These results are explained by the gravitational pressure theory, but not by the statolith theory.
MATERIALS AND METHODS
Rice (Oryza sativa cv. La Belle) seeds were allowed to imbibe in tap water for 30 min, after which they were surface sterilized in ϳ10% commercial sodium hypochlorite for 30 min. The seeds were then placed on germination paper (Anchor Paper Products, St. Paul, MN), which was rolled up and placed vertically in a plastic beaker containing water to a height of ϳ2 cm, and allowed to germinate in darkness.
Seedlings with straight, 1.5-2.5 cm roots were selected and sandwiched between two layers of cheesecloth placed between Lucite sheets or two glass microscope slides such that the seeds were held by the cheesecloth and the roots protruded perpendicular to the long axis of the glass slides. The seedlings were placed in a chamber containing an aerated solution of the experimental solutes dissolved in Artificial Pond Water (APW: 0.1 mmol/L NaCl, 0.1 mmol/L KCl, and 0.1 mmol/L CaCl 2 ) such that the axes of the roots were parallel to the vector of gravity (90Њ). After 45 min the slides were reoriented so the roots were perpendicular to the vector of gravity (0Њ). Gravicurvature was then followed for 240 min.
Root growth and curvature were monitored with a video camera (Model CCD72; Dage MTI, Michigan City, IN) equipped with a macro lens. Images (final magnification was ϳ6-7ϫ) were collected every 15 min by an Image 1/AT image processor (Universal Imaging, West Chester, PA) using a time-lapse program. Curvature and growth were determined from measurements taken with a goniometer from a video monitor (Trinitron; Sony, Ichinomiya, Japan).
The sedimentation of amyloplasts in living columella cells was observed in longitudinal hand sections of root caps. The sections were placed on slides, immersed in various media, covered with a cover glass, and allowed to sit for 30 min with the axis of the root parallel to the vector of gravity. The columella cells were then observed with a 40ϫ objective (N.A.ϭ 0.65) and a 1.6ϫ Optivar on a horizontally mounted Zeiss Research microscope equipped with polarization optics and a rotating stage (Carl Zeiss, Oberkochen, Germany). The image was captured with a video camera (model TI-23A. NEC, Tokyo, Japan), processed with an image processor (model VP110, Motion Analysis Corp, Santa Rosa, CA) and observed on a video monitor (model TR 124 MA, Panasonic, Tokyo, Japan). The final magnification on the video monitor was 3650ϫ. The positions of as many amyloplasts as were in focus were traced onto a sheet of acetate immediately after the section was rotated perpendicular to the vector of gravity. The same amyloplasts were traced onto the acetate 10 min later and the average sedimentation rate was determined from the center to center distances. The diameters of the sedimenting amyloplasts were measured with the Image 1/AT image analysis system.
The osmolarities of all solutions were determined with a freezingpoint depression osmometer (Fiske and Associates, model one-ten, Needham, MA), and densities were measured gravimetrically with 1-mL samples on a Sartorius (model R160-P, Edgewood, NY) analytical balance. For each solution, the relationship between osmolarity and density was determined from a first-order regression (Staves, Wayne, and Leopold, 1997) .
Chemicals were purchased from Sigma (St Louis, MO). The iodinated compound [Ca(BTIB) 2 ] was prepared by dissolving 3,5-bis[acetylamino]-2,4,6-triiodobenzoic acid with Ca(OH) 2 to form a calcium salt with a molecular mass of ϳ1266. Since the active form of the auxin transport inhibitor triiodobenzoic acid (TIBA) is iodinated at the 2,3,5 positions, and has no substitutions at the 1,4,6 positions it is unlikely that Ca(BTIB) 2 acts as an auxin transport inhibitor.
Statistical analyses were performed using Minitab (Minitab Inc., University Park, PA) and SigmaPlot (Jandel Scientific, San Rafael, CA). All data are presented as the mean Ϯ 1 SE.
Our experimental philosophy is rooted in the belief in the universal applicability of the laws of nature (Wayne, 1994) . The value of the present work depends on the appropriateness of the laws of mechanics and hydrostatics in the understanding of gravisensing in plant cells. We follow Newton's philosophy of nature, which states (Chandrasekhar, 1995) , ''. . .to the same natural effects we must, as far as possible, assign the same causes. As to respiration in a man and in a beast; the descent of stones in Europe and in America; the light of our culinary fire and of the sun; the reflection of light in the Earth, and in the planets.''
RESULTS
Rice roots exhibit robust positive gravicurvature in aqueous solutions (Fig. 1A) . Half-maximal curvature is achieved by 90 min and curvature is essentially complete after 180 min. The mean growth rate over 4 h is 0.48 Ϯ 0.15 mm/h.
To test the effect of external media on gravicurvature, we observed gravitropism in media containing impermeant solutes of various molecular mass, including propylene glycol, ethylene glycol, glycerol, glucose, sucrose, K ϩ -diatrizoate, Optiray, and Ca(BTIB) 2 . Increasing the concentration of all these solutes in the external medium inhibited the rate of gravicurvature (Fig. 1B-H) , although the roots eventually achieved the normal degree of gravicurvature if left overnight (data not shown). It can be seen that at a given concentration, the high molecular mass solutes are more inhibitory than the low molecular mass solutes.
Since the solutes are chemically diverse, we assume they exert their effect predominantly by virtue of their physical attributes and not their chemical properties. Each solute may inhibit gravitropism by two plausible mechanisms. Firstly, if the solutes predominantly increase the ) and T is the temperature in Kelvin.
density of the medium, and the gravitational pressure theory is correct, gravisensing may be diminished, by lowering the energy made available from the settling of the protoplast to activate the gravireceptor (Wayne, Staves, and Leopold, 1990) . Secondly, if the solutes predominantly increase the osmotic pressure of the medium, gravitropism may be diminished as a consequence of a decrease in turgor of either the sensing cells (Staves, Wayne, and Leopold, 1992) or the elongating cells. In order to determine which mechanism or mechanisms correctly describes the effect of each solute, we determined from Fig. 1 , the effect of osmolarity on the angle of curvature after 90 min (Fig. 2) . Interpolating from Fig. 2 , we determined the osmolarity of each solution that is required to decrease the gravicurvature to 30Њ after 90 min. Since the osmolarity of each solution is directly proportional to its density (Staves, Wayne, and Leopold, 1997) , we were also able to determine the density of each solution that was necessary to decrease the gravicurvature to 30Њ after 90 min. These data are presented in Fig.  3 and Table 1 . Again it can be seen that the high molecular mass solutes reduce gravicurvature at high densities and negligible osmolarities, while low molecular mass solutes reduce gravicurvature at negligible densities and significant osmolarities. Thus it appears that both the density and osmolarity of the external medium may influence gravity sensing in rice roots as it does in Chara (Staves, Wayne, and Leopold, 1997) . In order to separate the effects of the density and osmolarity of the external medium on the gravitropic curvature of rice roots, we determined the effect of solutions with identical osmolarities (100 Osm/m 3 , 0.248 MPa), but differing densities, on the rate of gravitropic curvature. It can be clearly seen in Fig. 4 that the curvature rate of roots in 100 Osm/m 3 (0.248 MPa) solutions decreases with increasing density. By contrast the growth rate is essentially unaffected. Indeed, the inhibitory influence of increasing the density of the external medium on gravitropism is clearly seen when the specific rate of gravicurvature in 100 Osm/m 3 (0.248 MPa) solutions (rate of gravicurvature/growth rate; in degrees per millimetre) is plotted against the density of the external medium (Fig.  5) .
In order to determine whether the addition of solutes to the external medium inhibits the rate of gravicurvature merely by inhibiting the growth rate of the roots, we compared the average rate of gravitropic curvature (over 90 min) with the average growth rate (over 240 min) of the roots. There was only a weak correlation between growth rate and gravicurvature in these experiments, R 5 . The effect of density on the specific gravitropic curvature in rice. The specific curvature was calculated from the data presented in Fig. 3 by dividing the rate of gravitropic curvature by the growth rate. All solutions have an osmotic concentration of 100 Osm/m 3 (0.248 MPa). ϭ 0.139 (Fig. 6) . Thus, the observed inhibition of gravicurvature cannot simply be attributed to inhibition of growth.
Lastly, in order to test whether or not the rate of amyloplast sedimentation is affected by the density of the external medium, we measured the sedimentation rate of amyloplasts in rootcaps bathed in solutions of various densities. We found that the sedimentation rate of amyloplasts in columella cells was unaffected by the density of the external medium (Table 2) . Thus, while in solutions whose densities varied from 1000 to 1028 kg/m 3 , the kinetic or potential energy made available by the falling of the amyloplasts to do work in signaling was identical, the rates of gravitropism were not (Fig. 5) . (39) a The average diameter of the sedimenting amyloplasts was 2.12 Ϯ 0.10 m (20). b The experiments were done at 20ЊC. The average sedimentation rates of the amyloplasts are given. The distances that the amyloplasts traveled were measured between 0 and 10 min following gravistimulation. This time period was previously used by Sievers et al. (1989) . Data are presented as mean Ϯ the standard error of the mean (number of amyloplasts). In all cases, the differences in the sedimentation rates are not statistically significant. Using a t test, the level of significance between the sedimentation rate in APW vs. propylene glycol is P ϭ 0.69; the level of significance between the sedimentation rate in APW vs. Ca(BTIB) 2 is P ϭ 0.41; the level of significance between the sedimentation rate in propylene glycol vs. Ca(BTIB) 2 is P ϭ 0.22.
The apparent macroviscosity of the cytoplasm of columella cells experienced by the amyloplasts can be determined from the sedimentation rate using Stokes' Law (Kamitsubo, Kikuyama, and Kaneda, 1988) :
where is the apparent macroviscosity of the cytoplasm experienced by the amyloplasts (in pascals per second), g is the acceleration due to gravity (9.8 m/s 2 ), a is the density of amyloplasts (1500 kg/m 3 ), e is the density of endoplasm (1015 kg/m 3 ), r is the radius of the amyloplasts (1.06 ϫ 10 Ϫ6 m), v is the average sedimentation rate (4.41 ϫ 10 Ϫ9 m/s). Thus the apparent macroviscosity of the cytoplasm of the columella cells experienced by the sedimenting amyloplasts is ϳ0.268 Pa·s (ϳ27 times the viscosity of water).
DISCUSSION
Much of the support for the statolith theory is derived from the following facts: in almost all cases examined, sedimenting starch grains are present in some cells of the gravity-sensing organs of higher plants (Haberlandt, 1900; Nemec, 1900; Heilbronn, 1914; Björkman and Cleland, 1991; Ridge and Sack, 1992; Sack, Kim, and Stein, 1994) ; starch grains sediment within the presentation time (Hawker, 1932; Sack, Suyemoto, and Leopold, 1984, 1985) ; and mutants lacking sedimenting starch grains have reduced gravitropic sensitivity (Kiss, Hertel, and Sack, 1989; . However, it is significant, that while these data are consistent with the statolith theory, they do not discriminate between the gravitational pressure and statolith theories for gravisensing. Indeed starch grains may be required for wild-type rates of gravicurvature either because they act as sensors (statolith theory) or because they act as ballast, thus increasing the mass of the entire protoplast (gravitational pressure theory).
One way of experimentally discriminating between the statolith and gravitational pressure theories is to vary the buoyancy of the protoplast without affecting the movements of intracellular particles. This can be accomplished, according to the Principle of Archimedes, by increasing the density of the external medium with impermeant molecules (Staves, Wayne, and Leopold, 1997) . Here we have shown that increasing the density of the external medium with impermeant solutes inhibits gravitropic curvature of rice roots, but not the sedimentation rate of amyloplasts in columella cells. These results are consistent with and predicted by the gravitational pressure theory. By contrast, these data cannot be explained by the statolith theory since changing the density of the external medium with impermeant solutions does not inhibit the sedimentation of intracellular particles.
We suggest that high molecular mass solutes inhibit gravitropic curvature of rice roots by impairing their gravity-sensing capacity. An increase in the density of the external medium results in the static buoyancy of the protoplasts becoming less negative. Thus, the force generated by a falling protoplast is diminished and the energy made available to act as a signal by a protoplast falling a given distance decreases. The energy made available by the falling of the protoplast decreases with increasing density of the external medium because the difference in the densities of the medium and the columella cells tends toward zero when the external density increases. If this energy is used for gravity sensing, a decreased rate of gravitropism is expected. The potential energy (in joules) available to act as a signal is given by the following equations (Wayne, Staves, and Leopold, 1990; Chandrasekhar, 1995; Wayne and Staves, 1996) :
where buoyancy is a force given in Newtons, volume columella is the volume of the columella cell (in cubic metres), medium is the density of the external medium (in kilograms per cubic metre), columella is the density of the columella cell (in kilograms per cubic metre), g is the acceleration due to gravity (9.8 m/s 2 ), d is the distance the columella cell settles within the extracellular matrix (ECM) (in metres).
On the other hand, the potential and kinetic energies (in joules) of a falling amyloplast are given by the following formulas: It can be seen that Eqs. 3 and 4 do not include the density of the external medium. Thus the kinetic or potential energies of a falling amyloplast should not be affected by the density of the external medium. This is supported by the observations that varying the density of the external medium has no effect on the sedimentation rate of amyloplasts in the columella cells of rice. Thus while there is a relationship between the potential energy of the settling protoplast and gravicurvature, there is no relationship between the kinetic or potential energy of a sedimenting amyloplast and gravicurvature.
The importance of the density of the external medium in governing gravisensing is underscored by the experiments in which we measured the rates of gravitropic curvature of rice roots bathed in equiosmolar solutions of differing densities. In these experiments, the curvature rate decreased with increased density. However, it must be stressed that while the inhibition of gravitropism in solutions containing high molecular mass solutes is attributable primarily to their effect on density, the inhibition of gravitropism in solutions containing low molecular mass solutes is attributable primarily to their effect on turgor. A decrease in the turgor pressure of columella cells may inhibit gravity sensing by disrupting the attachment or function of putative integrin-like proteins, which may act as gravireceptors and span the plasma membrane-ECM junction. Reducing the turgor of the columella cells may also decrease the strain in the plasma membrane, and a strained plasma membrane may be required for gravisensing (Staves, Wayne, and Leopold, 1992) . Lastly, a decrease in the turgor of elongating cells may simply inhibit growth.
The results reported here are analogous to the effect of the density of the external medium on the gravity-induced polarity of cytoplasmic streaming in Chara internodal cells. We found that increasing the density of the external medium surrounding internodal cells that have no visible statoliths results in a diminished ability to sense gravity (Staves, Wayne, and Leopold, 1997) . We interpret the present results to indicate that the gravitational pressure theory can also explain gravity sensing in the statolithcontaining cells of rice roots. If this be true, the entire protoplast, and not the statoliths, acts as the gravity sensor. Thus, the statolith-containing cells of rice may perceive gravity by sensing a differential tension and compression between the plasma membrane and the extracellular matrix with integrin-like receptors at the top and bottom of the cell, respectively.
In contrast to our experiments with Chara internodal cells, we have not been able to reverse reproducibly the gravity response in rice roots. The gravitational pressure theory predicts that gravitropic curvature will be abolished when the density of the external medium is equal to the density of the protoplast and will be reversed when the density of the external medium is greater than that of the protoplast. Since the highly vacuolated protoplasts of Chara internodal cells have a relatively low density (ϳ1015 kg/m 3 ; Staves, Wayne, and Leopold, 1997) it is possible to make solutions from nontoxic molecules of low osmolarity that are more dense than the protoplast.
The protoplasts of columella cells in rice roots are more dense than those of Chara internodal cells due to the fact that they are densely cytoplasmic and contain numerous dense amyloplasts. Consequently, it has not yet been possible for us to make a nontoxic solution that is more dense than rice columella cell protoplasts, has a low osmolarity, and permeates the ECM but not the plasma membrane. If the gravitational pressure model is correct, the data presented in the inset in Fig. 4 can be used to estimate the density of the gravity-sensing cells. The value of the density required to prevent gravitropism completely (the x intercept) is an estimate of the density of the columella cell protoplasts. Thus, by extrapolation, the density of the columella cell protoplasts of the rice roots is ϳ1110 kg/m 3 , and solutions with densities Ͼ1110 kg/m 3 (equivalent to ϳ0.84 mol/L sucrose) will be required to cause a reversed graviresponse and for the roots to grow up. Interestingly, life typically consists of lowdensity atoms (e.g., H, C, N, O, P, S; Wayne and Hepler, 1985) , and high-density atoms are usually toxic in the concentrations required to reverse the gravity response. We recognize that reversing the direction of gravitropic curvature in rice roots by increasing the density of the external medium would provide more conclusive evidence in favor of the gravitational pressure theory, and that at present we can only claim that these data are consistent with the gravitational pressure theory, but not with the statolith theory.
Recently, Barlow (1995) has suggested that a ''primitive,'' hydrostatic, gravisensing mechanism may be the primary gravisensing mechanism in Chara, and serve as well as a back-up mechanism to the advanced sedimenting statolith-based gravisensing mechanism in some higher plants. Thus, when the advanced system is compromised, as in the TC-7 mutant of Arabidopsis, in which sedimenting amyloplasts are absent (Caspar and Pickard, 1989; Kiss, Hertel, and Sack, 1989) , graviperception may be accomplished by the secondary (gravitational pressure) mechanism and gravitropism will take place. The present data do not support this view since they show that in rice roots the inhibition of the ''primitive'' gravisensing mechanism inhibits gravitropism.
In summary, the data presented here can be explained by the gravitational pressure theory, but not by the statolith theory for gravity sensing. At present, we are not aware of any data obtained from experiments with any plants that are incompatible with the gravitational pressure theory and believe therefore that this theory provides a robust working theory for gravity sensing in all plants. 
